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ABBURACT
1. 7+ N - w4+ N

The process 7y + N —= w + N 1g studied at high energies in
both tThe forward and backward directions. The helicity formalism is
used, Contributions from the p, w, @, and = trajectories in the t

* * -
channel and from the N5+/2 ' N1+/2 , and Nl"/e trajectories in s
channel are included. Polarizetion formulae for the final state

nucleon are given, If we may neglect cuts in the angular momentum

plane, than at high energies for momentum transfers -t > > ui the
p trajectory should dominate charged pion photoproduction in the

forward direction. A curde estimate of the cross section yields

do Qj'(o) -2 1
Iz ~ 8 P =g However, the pion trajectory is expected

to be important for smsell momentum transfers up to very high energies.

For forward neutral pion photoproduction both the g and w trajectories

should be important. The cross section is estimated to be %% ~ <% .
For photoproduction in the backward direction, the situation is much
more complex with at least three trajectories contributing to Qg .

ds

However, since the same set of trajectories are to be used in xlf

scattering, backward N scattering and backward photoproduction aere
o ' . %

expected to heve the same energy dependence., Assuming That the N5+72

trejectory dominates with j , (0) = 0 , we cbtain



ABSTRACT (continued)
2. K leptonic Decay and Partially Conserved Currents

An operational definition for the partial conservation of the
strangensss changing vector current is given and applied to leptonic
k* and KZ decay. The K% regonance is explicitly included in the
calculation and quantitative agreement with experiment is dblalined.
A detailed comparison with the ¥t data of Brown et. al. and Dobbs et. al.
ls given. Becsuse of rapid variations of & form factor, it is found
what the data of these two groups are not in contradiction. From the
Kg experiment of Luers et. al., I = 1/2 and 3/2 currents are seen to
exist. AP-decay is briefly considered. It is found that an explana-
tion for the sglowness of K leptonic decay and the vector part of AP~

decay may be connected with the partial conservation of the strengenesss

changing vector current.
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Preface
. This thesis is divided into two sections, the first dealing

with the process v + N = x + N where the incident ¥y ray is wvery
energetic (25 BeV in leboratory systeuw). The second section is
concerned with another, entirely unrelated problem, that of trying
to understand certain aspects of the B decay of strange particles
where the strangeness of the strongly interacting particles changes
by one unit; for example, the decays:

KW =»a® 4+ u v

A= prtesd v

B =Asre v
In thls preface we will briefly Indicate the Interest and signlflcance
of these two problems. We begin with a few introductory remarks
concerning the photoproduction section of this thesis.

During the past year and a haltf much effort has been spent in
an attempt to understand the behavior of cross-sections at high ener-
gies, and to correlate this behavior with the many particles and
resonances that have now been discovered. Standard perturbation
theory in its lowest order as well as the dispersion theory were
unable to account for the experimentally measured total cross sections
for «ilN or NN scattering which seemed to approach constants at high
energies. Because of the large couplings involved, perturbation
theory was not expected to work. Dispersion theory alsc had diffi-
culties hecanse of its inahility to handie milti-particle final states.
The_usual pole approximations that made use of single particle or
resonance intermediate states were certainly incorrect since they

gave the wrong energy dependence to the tobtal cross-~sections.
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For exzuple, in N or NN scattering, the exchange of a particle of

gpin J gives rise 1o a total cross séction o, vhich goes like EQJ"2

T
where E is the energy of the incidsnt n or N in the center of mass
system. If the exchanged particle were a high spin resonance, ‘then
GT would become arbitrarily large as E increased, contradicting
experiment.

In 2 natural extension of the work of Regge, Chew and Frautschi
proposed a way of avolding this difficulty. Thelr idea was to exploit
the "substitution law" which, for example, states in the case of =N
elastic scattering that n + N —»x + N and = + % =N + N are described
by the same amplitude for different #alues of its arguments. More
precisely, by analytically continuing the amplitude for = + T ->N+1N
to large cos Qt (Gt is the scattering angle for this process) they
obtained the scattering amplitude for =il — «ll at large energies and
small scattering angles. Then by using the optical theorem, they
related the forward aN elastic scattering amplitude to the total
7N cross-section.

The work of Regge indicabted how this analytic conbirnuation
to large cos Gt might be accomplished. The analytic continuation
was not stralghtforward because the partial wave analysis for

Tt —%Nﬁ; ususlly applied only for lcos 6, | £1, does not converge for

o

large cos Gt. Reggels idea was to congider the angular momentum J

as a complex variable, to replace the partial wave sum
> (25 + l)fJPJ(cos Gt) by a contour integral in the J plane, deform

%he contour, and in so doing obtain a sum that converges for large

cos Gt. This sum consists of contributions from poles and cuts in
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the J plane that were picked up in deforming the contour. A pole

. in the J plane (called a Regge pole) corresponds to the exchange of

a whole family (trajectory) of particles having identical quantum
nunbers except for spin. The positiocn of the pole will be & function

of the momentum transfer t.

do
&

of particles to be given by‘%% - oet) B2 pere 5(1) indicates

Chew and Frautschi found the contribution to from a trajectory

the position of the pole in the j plene and f£(t) is some unknown
function independent of E. With the help of the optical theorem

EEj(O)-Q.

they obtained op ™ They then suggested that j{0) should

be viewed as a phencmenclogical parameter with which to fit the

experimentally measured GT. The hope was that at some future date
a more refined theory would predict j(0).

How many trajectories are there? There is a different trajectory
for every xnown scalar and vector meson, and many more trajectories
Tor the baryons and baryon rescnances. Although far from conclusive,
it seems that in many caszes the baryon trajectories contain two
or perhaps even three known particles or resonances. In addition,
the existence of a trajectory (called the Pomeranchuk trajectory P)
with jP(O) = 1 has been conjectured in order to explain the nearly
constant high energy nlN and NN scattering cross-sections

23._(0)-2
(GT ~ R P = constant). Finally, in order to obtain one more
phenomenological parameter, another trajectory or cut called P’ has
been introduced info the formelism. If P' is a trajectory, then
like the P, the particlec contoined on it have gtill not been found

experimentally.
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Although there are many trajectories and consequently many
- phenomenological parameters j(O), each trajectory appears in different
seattering processes. For example, the p is present in: #ll — «N,
NN —-»NN, ¥y + N =2 x + N,... By studying the high energy behavior of
many different reactions one is able to check the assumption that
scattering amplitudes take on relatively simple forms at high energies
if expressed in terms of their singularities in the complex J plane.
The procedure we have outlined above has the advantage of
supplying some kind of classification scheme for the newly discovered
resonances, grouping them into trajectories, and associating with
these trajectories certain parameteré which may be used to fit the
regultoc of high energy s:;co,ttering experiments. By cbserving cross-
sections for many different processes, a check on the theory may
be obtained. Unfortunately, the validity and usefulness of this
procedure is still uncertain. For cxample, bthe importance of cutbs
in the J plane is not yet understood. Nevertheless, the theory
is young and does offer both interest and promise.
In the near fubture with the completion of the electron acceler-
ators gt Cambridge, Hamburg, and Stanford the process ¥ + N —x + N
will be studied at high energies. It would be interesting to correlate
thils process wibh obher resclions 1ilke nlN, KN, and NN scallering. The
"Regge pole" approximation scheme, where one congiders singularities
in the J plane as determining the scattering amplitude, is the only
known procedure that allows such a correlation. The Tirst part of
thisg thesls will be devoted to a study of this photoproduction

process using the Regge pole approximation.



The photoproduction process possesses a certain simplicity
‘ not to be found in =N, KN, or NN scattering. The Pomeranchuk trajec-
bory which is supposed to dominate xli, KN, and NN scabbering will
not contribute to ¥y + N = x + N. Furthermore, the rather mysterious
trajectory (or cut), the P’, which has been introduced for the sole
purpose of supplying another parmmeber Lo £it existing data Jwill
also be absent in photoproduction. The theoretical analysis of
vhotoproduction is thereby simplified. In ﬁt photoproduction, only
the p and x trajectories contribute, and at high enough energies,
the p dominates. This is to be compared with oV, KW, and NN
scattering where the p trajectory gets lost in much larger P, P',
and W effects.

In addition to supplying a determination of parameters like
jp(O), jﬂ(o),... the photoproduction processes may be used to
check other interesting aspects of the theory. For example, it is

believed that the contribution of a trajectory, say the p, to a

process like 7 + N —»«x + W is given by

43 {t)-2
do(E,t) ! L P
Ty Ly (8) fo(t) B
, : 4j (t)-2
Note that the coefficient of E P has been factored into two

pieces, one depending only on the mn~y-p trajectory interaction, the
other on the N-N-p trajectory interaction. prN(t) would also

appear in o + N —x + N in the form

do(E,t . - P
as? >fpﬁﬁ(t) prN(t) -
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Wow, by studying the p contribution to

ﬁ 43 (t)-2
' # do o!
- — EN ] %
7y + N >x + N5/2+. T fpﬂy(b) ipNN +(t) E
: 5/2
and
43 (t)-2
*
w+N-—>x+N : do _ ¢ (t) e % (t)E P
= /T as Pt O
J/2 5/2--!<

where N*/2+ is the I = 3/2, J = 3/2, parity + =N resonance at 1238

MeV weSmay test the validity of this factorization. It is interesting
to note that only the p and n trajectories contribute to the reactions
producing Nj - The P, P', w, and ¢ trajectories are not present
because the;/garry zero isotopic spin. The factor theorem would

also allow one to relate reactions like ol — nll, yN — nlN, and

¥yt = . The latter reaction occurs in processes like v + N = xt + 7w + N
wvhere a singlce n ic cxchanged or in = 1 Nuelcusc —xt 1wt 1 Nuclcuo
where a virtusl ¥ ig exchanged.

From a technical point of view, a theoretical study of
photoproduction ils intecresbing beccausce it involves queastions of
gauge invariance and its effects on the Regge pole theory. As is
well known, the x pole in photoproduction appears in the dispersion
theory as a consequence of gauge invariance and kinematics (the 7
which has the same space~-time properties asg the w does not coantribute
to photoproduction). It would be interesting to see exactly how
the Regge pole formalism gets wodlfied in the case of the w. The

factor theorem cannot be correct as it stands for the = trajectory in

photoproduction.because for t = ui micleon exchange diagrams must
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also be considered to preserve gauge invariance.

A study of the pion trajectory at high energies is of interest
because oI itg efrfect on the Drell process. 1In 1960 Drell indlcated
that a great nunber of strongly interacting particles might be
produced. with a high energy ¥ réy'beam. The important diagram for

the process was single pion exchange:

N

Because the n pole is so close to the physical reglon, the one

pion exchange contribution is expected to be large despite the presence
of an electromagnetic coupling. It is through this mechanism that

the Stanford linear electron accelerator will produce beams of
strongly interacting particles. As we have previously indicated,

the effect of the Regge pole approximation has been a damping of gll
cross-sections ab high energies. It would be very interesting to

know exactly how much Drell's original estimate will have to be modi-
fied. Because jﬁ(o) is not much less than jﬂ(ui), it is presently
unknown ot what cncrgics Regge pole cffects become important.

Despite the great uncertainties present in the theory, a
study of the photoproduction process does seem Justified at this
time.

In the second half of this thesis we examine the B-decay of
strange particles paying special attention to K% -0 4 p+ + Vv, a
process that has been studied to some extent experimentally. This

décay mode 1s governed by the vector curreant SH the strange particle
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counterpart of the vector current jp that appears in neutron B-decay.

Recently, convinecing evic'iencz:je has been obtained verifyling the

Feynman-Gell-Mann conjecture that Buju = 0, The study of

K+ - x% + u% + v is undertaken in an attempt to obtain information

sbout BHSM' The experimental information available on this descay

wode comes from two different groups who seemingly obtain conflicting

results. The theory that we propose assumes Bus“ slowly varying.

With this assumpbtion, we find that the data of both groups may

be fitted by taking Bpsu to be swall. Since there is always the

posgibility that one of the experiments is wrong, it would not be

fair to conclude that the theory has heen experimentally confirmed.
We hope that a knowledge of the divergence Bps“ will help

in reconstructing the current itself, thereby leading to a complete

theory for the B-decay of strange particles.

* "Experimental test of the Conserved Vector Current Theory on the

I} ~ 1t
Beta SBpectra of Bl‘ and Nl“ , L.K. Lee, L.W. Mo, and C.5. Wu,

P.R.L. 10, 253 (1963)
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I, INTRODUCTION

The process 7% + N =z + N that we wish to consider is shown
in Figure 1. Here we call the four-momentum of the incident photon
K, the momentum of the outgoing w meson Q, while Pl and P2 denote the
initial and final nucleon momenta. The kinemstic variables s, t, and
5 convenient for this problem are deflned by

s= - (B + k)2 , t=-(q - %)® , &= - (®, - K)°

In the barycentric system, these quantities become

8

il

(g, + 1% = (B, + )"

4 ug - 2wk + 29k cosf (1)

s M2 - B, k - 2qk cosf

w are the initial nucleon, photon, and final

]

It

where El’ k, and Eg,
mucleon, pion energies; q is the magnitude of the meson three-momentum
while cosf = aiﬁ7qk is the scattering angle. M and p are the
mucleon and pion masses.

We will compute the differential cross section for this reaction
at very high C.M. energies (large s) taking into account the o m,¢ R

* *
and t trajectories in the t-channel and the N 4 N ,N
/27 3/2" 1)z

trajectories% in the s channel, as indicated in Figure 2. Gauge
invariance will inbroduce features into ocur calculation not to be
found in xn-N or N-N scattering. In the Ffirst part of this paper we
will write down an expression for the differential cross section

paying little attention to rigor. ‘he remainder of the paper will

i“* *
The N st is, for example, the trajectory whose lowest mass "particle"
3/2
is the I = 3/2 , parity + , ol resonance at 12328 MeV.



Pigure 1: 'These are the three physical processes that we considar in
this paper. They are all described by the same scattering amplitude,



Figure 2: These diagrsms indicate the poles or trslectories that we
will include in our calculations. Poles in the t(s) channel determine

seall angle (large angls) high energy photoproduction.
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then be concerned with a verification of this result within the
conventional photoproduction formalism.
II. TRAJECTORIES IN THE +-CHANNEL - FORWARD PHOTOPRODUCTION

A. The w Trajectory

Let us examine the contribution of the w pole at high energies.
If we let the nucleons and the ¥y ray be in states of definite helicity,
then the photoproduction process may be described in terms of 23 =
helicity amplitudes. Imposging parity conservation leaves us with
only four independent amplitudes which we may take to begét, nt
vhere the t superscript refers to the photon helicity, the final
state nucleon is always taken to have positive helicity, and ¢
designates mucleon helicity flip, n no helicity flip. BSince helicity
igs not a Torentz invariant quantity, we mist be careful to state

what coordinate system we are working in. ¢ and n will always be

synbols for the helicity amplitudes in the center-of-mass system.

The wity interaction part of the diagram will give a factor

(7)

() .
€ 905 K, 3 to the invariant amplitude T, where eg”’ is the
polarization of the y. If we go to the w~y "brick wall frame",
defined as that coordinatc syvtcom where ?= wi?, and let x be the
direction of the incoming y ray (see Figure 3) then the amplitude

will contain the factor

(7) Nes)
Coaps Ka Q 3'(vaﬁﬁ VtBS) k QB =(-ve 47
(7)
ke B
Now, €t eéy) must couple to a four vector, through its v

index, which has to be a linear combination of Pl and PQ. If we let
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the reaction take place in the xy-plane, then for a non-zero contri-
bution we must have v = y, which in bturn luplies that eéy) will
contribute only through i1ts component 1n the s-dlrecllon. - Hence,
=0T, F=¢.
In general, we expect both 7 anﬁ.¢ gmplitudes to be present.
For example, suppose that the hellclty of the Inltlal nucleon 1s
positive while that of the final nucleon is negative. Then, in the

C.M. system for large s vhere the mass of the nucleon may be neglected,

5 (1 - 7g) u@®) = @)
i@, 5 (- 75) = 0(E))

T we look at the NN coupling which determines whether we have helicity
f1ip or non-flip we see that couplings of the type
() 7, uy) = 8@ 5 (1 - 75) 7,5 (1 - 75) w(®)
give zero since y; anti-commtes with 7 and (1 - 75)(1 + 75) =0
(% (1 + 75) are projection operators). However,
(2,2, 8(5,) o, u(B))

will not equal zero since Ouv contains products of two y-matrices.
Consequently, the w pole will give rise to helicity flip ¢ only
through its qu coupling, and similarly will contribute to no helicity
flip 1 only through the 7, term.

Still ancther way of cobserving that we rust have two independent
amplitudes at the wlil vertex comes by going to the N-N brick wall
frame where 51 = - 5; (Figure 4). The w being wvirtual has both spin
zero and spin one pileces. The spin zero part can conserve angular

momentum: only by interacting with two nucleons that spin in the same
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"\/’“\/*\u/‘\u/‘\J?’*\a"\,/”\yzf\\,/’\\(j > Ne
w - N,

O V——
By
Spin zero piece of virtual w
,\\J/"\\/,~K\/fN\n;yr\\J,\\'/‘\\J/ﬂ\\d/~\<:i = Na
‘ A W : - N)
- B

Spin one piece of virtual w

Figure 43 The NN "brick wall frame". In this coordinate system it

is apparent that the w pole gives rise to two indspendent amplitudes
which we have taken to be n and #. ‘The arrows ebove the momentum
lines indicabe the gpin directions of the particlas.

-
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direction and hence contributes only to the spin flip smplitude.

The spin one projection of the w gives rise only to no helicity flip.
To get the energy dependence of the w diagram for large s,

fixed t, we may for comvenience set u =M = 0. Then, in the nw-y

brick wall frame, the kinematic variables become

o]
]

2 t
~(K+Pl) =-2K*P =Vt B -3

t= - (K-0)% = - ()7

and for fixed t large s, P, —E —s/y-t (see Figure 5). DNote

1
that in this coordinate system El goes like s while in the C.M.

system E. goes like Jg_.

1

Consider the wNN wvertex. It will have either the form

-, - -, -
u(p) - u(p)) or (PE—Pl)“ u(p,) Oy u(p,).
For fixed t large s,
*
-, — - e s .
u(p,) 7yAu(pl) ~ e OB - s/t (no helicity flip)

and
-, = - —>
(ByPy), G(py) o ulpy) = 2 0(py) o, u(ey) ~ Ep = s/V-t

(helicity flip)

Consequently, the invariant amplitude T will go like

T ~ (wny vertex) x = 5 X (ulili vertex) ~ s
t-m
[Y]
for both flip and non-flip. T is related to the helicity amplitudes
through a phase space factor. This gives rise to the relations
- &
A ER

#* The syubol "~" means "goes in its s dependence like"; "-¥' means
"which approaches”,
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| X
e K —de— k —n]
Mgure 5: The s-y ”‘br:f.ci;mllfme“. We compute the s dependence

of the w btrajectory contribution to photoproduction, The masses
u and M have beea get odqual to zero for conveniencs,
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The diffcrential croop ccebion b fixed t and lorge o is given by

do 23 =1
W 2 2 o)
Eomind N L TR

4

where jw is the spin of the o,
Suppose that we exchange, instead of an w, another

(hypothetical) particle on the w trajectory, a spin-3 w called the

*
w . This particle will couple at each vertex with 2 more indices

than the w, indices which must be saburated by the four momenta of
*
the external particles. This means that two more powers of s will

03 #-1
* £
appear at the w NN vertex with the result that daw*/du L s

(oS
Tn general then, do/d ~ 8=~ or equivalently,
do/at ~ 53-8

at large s fixed t for any particle of spin "j" on the w trajectory.
If we make the Begge pole approximation where we treat the

contribution of the entire trajectory as one term, rather than

using individual contributions from each particle that lies on the

trajectory, we have

ot 2j,(t)-2
L& (IR (O R WOl ) (2)

where Qw(t) is the signature factor,

* The nurber of indices necessary to describe the field of an inbtegral

spin particle is just egqual to the aspin of the particle,
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ﬁ”u(t)
(t) 2 315 T, (t) s
() = (%) NI MY

\ 2 - \
and 5. is any convenleab (uass)” muking s/sw dimensionless. In terms
of the invariant T matrix,

ot (2s) (s/5,)7u(®) x (E(t) or gE(5))

Remewber that this is the differential cross gection for the photo-

production process leading to final state nucleons of positive

helicity. With the help of parity conservation, averaging over initial

and summing over final helicity states:

. + - +
dow ) i(dgw . dow ) doa
at /2% at at /' dt

If we now put in the trivial isotopic spin analysis, we see that

the I = O w conbributes to physically observed processes with weights:

7+ D —r +D 7 +n-1 +n y+p-=n +a Y4+ n—=x +p
1 1 ¢ Q

*
Vhen working with the general photoproduction formaliswm, ni or ¢i

will refer to the non-Lorentz invariant helicity amplitudes (where
dot/an = q/k{lnt\g + g 2}). When dealing with the Regge pole formal-

ism, n=(t) or ¢E(t) will refer to the Lorentz invariant smplitudes

defined #Hbove.



B. The ¢ and p Trajectories

Because the space~time and isospin structure of the ¢ and w
are identical, the ¢ pole or trajectory contribution to photopro-
duction is just that given in the section zbove with @ replacing w
throughout. Similarly, the section above is also valid for the p
trajectory, but because of icotopic opin differencer, the weights

to be used are:

7+P“>TCO+P 7+n—eﬂ°+n 7+p-——>1r++n 7 40 -=r + P
1 -1 J2 {z

C. The st Trajectory

In order to make a gauge invariant calculation, we must
consider simultaneously the three graphs of Figure € with their
invariant amplitudes. ©Since we will be Interested in the region of
t near ug, it may superficially appear that only the pion pole
diagram is important. However, in the ¥ - «n brick wall Irame
T = -E},using the Coulomb gauge, the factor e£7)QP'that miltiplies
the pion pole gives e£7)Qu =c.0=-¢-kE=0 gothat the = pole
graph completely vanishes, leaving the two nucleon diagrams to conspire
to give the well known.l/(t-ue)photopro&uction retardation term. In
this gauge and coordinate system, it is easy to see that the l/(t-ug)
factor that will eventually appear in the amplitude has little to do
with the pion pole diagram, but is rather an effect due to gauge
invariance and kinematics, the HE in the l/t—ug) pole referring to the
mass of the external .

At high energies in the C.M. system, all graphs lead only to

nucleon helicity flip (ni = 0). TFor example, in the pion pole diagram,



- "
~o ' .
f— S~
| | ,.f/JJ’ -
y ' N
4(7)Q .
-:L—ﬁ i(3,) 74 u(5))
-
Y o / Nt
N
7 M\ "‘
S

) 53y B u(E
e u(p,) u(p,)
i J} M 1

’F‘l@re 8: 1In order to make a gauge invariant caleulation of the "x pole”
contribution to photoproduction, we consider simaltaneously these three,

Foyrmman graphs with their ipdicated amplitudes.
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the no helicity flip amplitude is proportional to

N o () (L) *
u(p,) 75 ulp,) = alp)) —5— 75, —5— ulp;)= 0.

Similarly, since the virtual nucleons in the other two graphs will
possess large energies, there must be helicity flip at the =N
vertex and no helicity flip at the yNN vertex, that is, net helicity

#%
flip.

Locking for a moment at the nucleon pole in the s-channel,
going to the C.M. system, and using the Coulomb gauge, we note that

¥ Y=, 7 — - Y — - -
eﬁ/)u(pg) —~;E>—~— u(pl) =< . {g(s,t) D+ b(s,t) PE} = Db(s,t) ¢ -« Py, = 0
- M

unless E) is 1n the plane of production. Exactly the same result

holds for the other two diagrams yielding Q+ = - Q-.

*

It is amusing to note that in the W.N hrick wsll Trame vwhere micleon

enervgies are not necessarily large, there still can only be helicity

fl1ip from the = pole.

< Py
7t > 5
- - - - - - -‘_( -
- S 1
1

Since the x5 has spin zero incoming and outgoing nucleons mst spin

in the same direction, hence helicity flip.

b
G

4 . .
Thig argument works only when the energy of the virtual nucleon is
large. For large s fixed s the nucleon pole in the s-channel gives

both flip and no-ilip.
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The energy dependence of the diagrams may now be trivially
determined. The two nucleon graphs approach a constant at fixed t

large s (s = =8 -t + 2 HB).

The pion pole term locks like it
goes as Qu’v JE, but fixed t large s means nearly forward scattering
(Ofv2~Jé; ). Therefore the polarization Ei being perpendicular to

~the incident y,is now almost perpendicular to the final pion direction.
Explicitly, .

eL(:/) Q, = a cos c §3~J§E= -t ,

so that this diagram also becomes energy indspendent. The requirement
that the ¥ ray have only two directions or polarization has effect-
ively reduced the s dependence of the amplitude. The helicity ampli-

23 -1

tudes go like 1/JE and do/d0 ~1/s = s 7 .

If instead of a pion we were to exchange another (hypothetical)
varticle ﬂ* on the pion trajectory, we would no longer need the nucleon
graphs to maintain gauge invariance. The ﬂ* pole that would now
appear in the amplitude would no longer be of kinematic origin and
would contribute to the differential cross section with s dependence

23 ﬂ*-l 23 ﬁ%-z

do/ds ~ s , dofdt~s .

In a gauge invariant but otherwise conventional Regge pole

treatment of the pion trajectory, we find

do - FE(6) 3 (0)t (8)|2 | Px()-2
nE(s) = 0, Fi() = - g3(), 2 15 AL e

3
(t—ug )2 s ( )

T
where

L+ e'nﬂaﬁ(k)

( (t) =

ESlnﬂJﬁ(t)

1l

jﬁ(ug) 0, and s_ is some constant making s/sﬁ dimensionless. The
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l/(t-ug) comes from the kinematics, the u2 referring to the mass of
the external w. TFor t = ug, the pole that comes from l/sin Tt jﬂ(t)
is cancelled by the jﬁ(ﬁ) factor in the numerator leaving us with a
kinematic singularity in $he cross section. For t guch that jﬂ(t‘) =
2, 4y + + « The cross section receives a pole in the usual manner

through the 1/sin x j“(t) term, Finally,

do go * do " a0t
<)_~g . = (=2 Ty = T
at 2 \Td% a6 at

The = trajectory contributes to physically cobserved processes with

welghts:

y+p—-=7°+p y+n-5°+n y+Dp-T +n Y+nox +p
0 0 V2 -2
Combining the w, p and = trajectories, we may write

Ji—l Jk_l

* s 8 4+
Re ¢ £ = Pk g gt gt
i,kzb)ij¢,p’g'f € g:]_ gk (Si) (Sk) (T]:L nk + I ¢£) (4:)

ot _ 1
at o Ax

where: (a) the amplitudes up ¢i are presumably real for physical
vaelues of t in the s-channel; (b) ¢ﬁf stands for ¢ﬁf jﬂ/(t-ug);
(c) dot/at is the cross section for scattering into a final state

. and posibtive
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helicity nucleon. Parity conservation gives the negative hellcity case.

For an unpolarized y-ray beam and target,

dg det do;

we have a;g=~é-(a~£'+a~,€o

Note that
dot/at is no longer equal to do /dt in the reactions ¥ +p = +n

and ¥ + n —w + p because vhile ﬂ; = ng and ¢: = ¢;, we also have

+ -
¢; = - ¢;. The difference %% - g% is therefore just & measure of the

interference between the pion trajectory and the helicity flip parts
of the p trajectory.

As has been indicated by Gell-Mann'®) and Gribov and
(2)

Pomeranchuk , it may not be unreasonable to suppose that n(t) and.

#(t) can be factored and locked upon as the product of two t-dependent

couplings of the Regge pole to the NN and ﬂy?‘ Then, we may write

() = an(e) yRE) g = g(s) s | (5

n§ and ¢§ may be determined independently from n-N or N-N scattering.

With the conventions we have chogen, n% and ¢§ are identical to

Wagner‘s(g) ni

1
y and QN.

D. Polarization of the Recoll Nucleon

et 1% and g% be helicity amplitudes with the final muclecn

having negative instead of the customary p051tlye hellciﬁy. Also,
}h: j.mau puedion o L ate. g
let Zg, be 1in the direcéion £Pp % ;2, perpendiculai Lo the production
plane. Then, if "a" and "a" are the amplitudes for the recoil nucleon
to have + and - helicity, the expected value of the spin in the Yo
' %

direction (Sy) 1s Just <sy} = Ima g. From thls lmmedlately

2 2
follows, for example,

%
Because of gauge invarilance, there are additional complications
for the n trajectory.
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i ‘
1_‘/? m Q—r
Ly L/ 1 “l
g Y72 = PH Im o = o
Ip i,k=00,8,0,m Hdo 1,1/2 kdo 1,1/2
gdﬁ
§
1,1/2 3. N
%% =+ = (Re ni 0+ Re gl g)
1,k=w,0,p,m i

where the superscript 1, 1/2 indicates that we are dealing with
initial states of photon and oucleon ‘helicities of 1 and 1/2 .

+ T
Parity conservation yields ni = - nf s ¢i = Qf . Using this result

and working out the four possible initial helicity combinations, we find

. -
1,1/2 -1,-1/2 i%klm N3 P
{8 ={8 - 2
g an
(6)
.- -* ot
-1,1/2 L2 ST g
{5_% =45 3 = =2
9 an
where
1,1/2 -1,-1/2 .
do = do _3 +%, -% - do
a o) =4 X (Remyn, +Re gy ) =55
i,k
*

For phase conventions, see: M. Jacob and G.C. Wick, Ann. Phys. 7, 404 (1959)
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-1,1/2 1,~1/2
dg dg™? 1. o * by dg
= - _kak (Re n; M, + Be ¢; QK) = 35
Lk

dn da

Polarization of the recoll micleon regulting from unpolarized initial
particles is then trivially

<s ) = %[<s1>l’l/2+<s1>
Y2 2 V2

-1,1/2]

In termg of the Regge pole parameters,

). =1 3.1
1,1/2 I3 k
1,1/2 dg 1 * 8 8 + -
sy 7 = = 7= L Imgit, (=) (=) 0y B
Y5 dt 4 1,k ik 8y Sy ik
(7)
i i, -1 3o-1
~1,1/2 Ji k
-1,1/2 g0 ? 1 *, g s -
sy THEL = = £ mtg (= (& ny 4
Yo at 4 1,k i’k By 8y i’k
da+l’l/2 act
where ag" = Fr has been given in equation 4.

TIT. MRATECTORTRS TN THE & CHANNRI - BACKWARD PHOTOPRODUCTION
The s and t channels are gqualitatively different in wmany respects.
If, for example, we look at the nucleon pole exchange diagram for
large o fixed 5, as indicated in Figure 7, we see that even though an

incoming mucleon N, of definite helicity, say +l/2, couples only to

1
(1 + 75)N, (1 + 75)N will not be a helicity eigenstate of N (since

& need not be large compared to MQ). Consequently, when (1 + 75)N
propagates to the NQNy vertex it arrives with both components (1 + 75)N
and (1 - 75)N, giving rise to helicity flip and no flip, regardless

of whether the y-ray is coupled to the charge or the anomalous magnetic
moment of the nucleon. This situation is very much more complicated

than a consideration of the same diagram for large s fixed t --

see Section II.C, "The m Trajectory". There, s was mich greater than
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Figure 73 The micleon pole in the s channel. Becsuse the virtual
mucleon energy is not necessarily large, simple relationships dbetween
the helicity amplitudes do not exist,
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M° co that (1 + yb)w represented a definite helicity state of N
which remained fixed as N propagated to the NENV vertex.,

Another difference between the s and t channels is to be
found in a peculiar symmetry., Consider for the moment the process
v + N »xn + N described by the S matrix element

{DpE by dwls!¥kh;p) B b
where h, hl’ h2 are the signs of the helicities. Viewlng this
reaction as it proceeds backwards in time, we write

—
- - - -
< P, -Ep B3 -k -k h1S|-q ~w; -p, -E, LY

Using invariance under strong (or Schwinger) time reversal TS and
charge conjugation we obtain

-3 =
(pEEghg,qwisikkh, 1 lhl) =

h, h ¢, B, h i @ -w|S| K -k h: 3, -E; b))
where, for example,
T | -52 -E, by, particle) = -k, 7\*(5’2 -E, h, entiparticle] ;
A is a phase factor taken such that %*K = 1., In terms of our
previcus notation,

nf(-E)=nt ((5), #E(-{)=-¢"(Ns), (8)

Since the s and s channels describe essentially the same reaction
(Figure 1), any symmetry present in the varisble Vs will have its
counterpart in\[g’. This symmetry in ther§. varigble will be made

more explliclt below.

A, The Nucleon Trajectory

Because of gauge invariance we must consider the same diagrams
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that were given in Figure 6, but this time for large s fixed S.

The mucleon pole in the s channel will dominate in the C.M. system

J
giving an amplitude T that goes like sl/2 =5 N. For a general
— .
"particle" of spin j on the mucleon trajectory, T ~ s9, 5% ~ §2d 2,

Unfortunately, the remaining properties of this trajectory
are rather involved. We shall only state the results, leaving the

verification to the appendix.

The helicity amplitudes may be written as

- -1J2 & ugM
T T s A2+A5'A4]

+  -iJ2 o . s -
N - e [MAI—(M +s)A4+§(A3+A4)]~n

+  142{=% (®)

ST sA2+M(A3-A4)]
- id2J:
g~ - S8 [Al-ZMA/1+M(A3+A4)]-¢+

- %
where the Ai's are scalar functions of s, t, s. The three possible
isotopic spin indices have been momentarily suppressed. The Ai's
are convenient to work with because they obey simple crossing relations.

In the Regge pole approximation,

(01 [0 0 (07
-+[w (&) e +TE (D) e, (5 b osm_ (D) b
BT R D e, @ e ) ]
_ | a-1 _ a -l o (10)
R A= R A Ce ‘E]

* The Ai's are ldentical to those of: James Stutsman Ball, Phys. Rev.
124, 2014 (1961). Also, A1’2,5’ o = 4B,C,D of CGIN: G. F. Chew,
M. L. Goldberger, F. E. Low, Y. Nambu, Phys. Rev. 106, 1345 (1957).

(Ag{-) (-) @')'.

See Appendix I for the definition of Ai
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a a a 0/

h=ile, () e et () e et () 2o (D 2
3 §+ sy s 5. Sy a_ "+, Sy > T S Sy 2
(10)
o -1 a -1
- 2 sy T b+ ) - b
A4 = - A3 + (s - M%) [§+ (gg) gg + & (gg) g& ]

vhere the + subscript on the functions indicates that the variable is

th., ooy
o, = oy (VB )5 o = oy (2E) - 0/2

+

-lﬂaf
1+e

> 2
2 sin na#

-

¢ is the nucleon signature factor equal to

W o=t N ’

and Sy is some convenient (mass)z, The + sign multiplying all
expressions in brackets relates to isotopic spin and crossing symmebtry.
The top sign is to be taken for the amplitudes Ai(+)’(o), the
bottom for Ai(-)’ where (+), (0), (~) are isotopic spin indices.

Note that the A.i are even under the interchange Jg- e—e-ng as
' do

expected. The cross section —:ﬂ goes like
ds
23 (+ V5 )-2
do. N*-
U A
ds N
B, The N * d N * Trajectori
. e 5/2+ an 1/2" rajectories

*
Because the Nl/2“ has parity opposite that of the nucleon, but

one unit more of spin angular momentum, the results for the N trajectory

may be carried over directly to the N, ,.- case, changing the signature

*
1/2
*
from + to - and replacing N everyvwhere by Nl/z' .
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*
To obtain the results for the N3/2+ from the N, again we
mist change the signature from + to -, and because the parities are
the same while the spin differs by one unit, we must exchange the

subscripts + on t, a, a, and b, The subscript on W remains the same.
*

Then, we replace N by N3/2+ throughout. Finally, differences in

isotopic spin must be taken into account. For details, see Appendix

IV. A,B.
(4)

Kycia and Riley have recently indicated the possible exis-

*
tence of another Regge trajectory N3/2- that would be responsible

for a "shoulder" and bump in n-N scattering at total center-of-mass

energies of 1650 and 2360 MeV. If this trajectory does exist, it
*

would contribute in a form identical to that of the N3/2+, but

with opposite signature.
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IvV. Conclusions

For the trajectories considered in this paper, the real part of
3(t) or j(5) has been plotted as a function of t or s in Figures 8 and
9. The straight line approximations to the trajectories should not be
taken too seriously. They will only be used for order of magnitude
calculations., More accurate results will have to await a determination
of the trajectories from =N, Kx, NN . . . scattering experiments.

Only the n and p trajectories contribute to the forward production
of charged pions. If we use the extrapolations to t =0 given in
Figure 8, we see that the p trajectory should dominate at high energies.
Since j(t S 0) = j(pe) the pion trajectory is expected to act much
like an ordinary pion pole. TFor small negative t, the pion pole con-
tribution is large since the pole is very close to the physical region.
This, in addition to the fact that the nNN coupling is much larger than
the pNN coupling, would indicate that the pion trajectory remains
important up to very high energies, at least for small momentum
transfers. Since the x trajectory gives rise only to helicity flip, the
p contribution could in principle be isolated by a study of the no helic-
ity flip part of the amplitude. The quantity g%i - %%: gives ' a
measure of the interference between the pion trajectory and the helicity
flip parts of the p trajectory. Unfortunately, high energy polarized
y-ray beams are necessary to measure this interference.

In the intermediate energy region where both the p and n are

important, averaging over initial and summing over final polarizations,

we have
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$ et $ 4 $ o
0 ( H(Bev)?

Figure 8: The nmeson trejectories contributing to photoproduction.

The dots st integral spin J represent the mesons. The intersection of
the trajectory with the ¢t = O axis determines the behavior of high energy
photoproduction in the forward direction. Although the indicated
straight line approximations to the trajectories are \not expested to be
" acourate, the intersections with the t » 0 axis may be experimentally
measured in other processes like 5 and RN scattering. Then, the energy
_ dependence of mumll angle photoproduction may be predicted and compared
~with experiment. The present indications are that the differential

Thotoprodustion eross-section 3¢ shiould fll vith tnereasing energy, as
compared with the results of an "elementary perticle” pole approximstion
m&mmawgmwwu.
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Figure 9

The mucleon trajectories that are used to determine the behavior
of large angle photoproduction. The dots at 1/2 integral spin

represent the N and N resonances. Only the positions of the N

*
and N / have been experimentally confirmed. Some evidence exists
/2
* *
indicating that the N and N are to be plotted as indicated.
1/2" 1/2"

The rest of the graph is total conjecture. However, since the same
set of trajectories are to be used in n-N scattering, backward
n-N scattering and backward photoproduction are expected to have

the same energy dependence in the Regge pole approximation.
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—iﬁjp(t) 2 23 (t) - 2

l-e 2 s P
EEETRED %D(t) ('s'; > +

da
4 < = >

(%) 5o 73 (%) 5

T - p T

L. e_iﬂjﬁ(t) 2 {Qfﬂ(t) )2 (i) 25,(¢) - 2

vhere in terms of our old notation,
2 _ +42 +4y2 2 _ + 2
S ORECWRIE ORI N (M

To test the theory, we take everything essentially constant except for

the factors

1 s \23,(8) - 2 g (23 (¢) -2
—, () , and () .
t - p o) T

We then plot log< %% > verses t for fixed s and try to fit the data
with the formula given gbove. In the region where one trajectory

dominates, we may write
Toa< %% > = A+ B(25(t) - 2) log(Z5)
M

where A and R are constants if we keep away from values of t over which
the n pole varies repidly. We expect jp(t) ~1/2, jﬂ(t) ~ 0 with
both j's decreasing with decreasing t, A plot of log< %% > versus t
for fixed s should give ji(t) directly. Because the sign of B is
positive, increasing s should meke the curve fall, Also of interest
would be a graph of log< %% > versus log< Su > for fixed t. This

o)

should turn out to be a straight line with decreasing slope for

decreasing t. For high enough energies, the



p dominates giving & cross section for forward scattering that we
230(0) -2

~

QK

roughly estimate to e E% ~ 5 .
A study of the piorn trajectory at high energies is of interest
because of its effect on the Drell process. In 1960 Drell indicated that a

great number of strongly interacting particles might be produced with a

high energy y ray beem. The important diagram for the process was

single pion exchange:

2\
\
\

\

Y
Because the n pole is sou cluse Lo the physlcal reglon, lhe one pion
exchange contribution is expected to be large despite the presence of
an electramegnetic coupling. It is through this mechanism that the
Stanford linear electron accelerator will produce beams of strongly
interacting particles. In the Regge pole approximation,the pion
exchaenge contribution is damped by an amcunt depending sensitively on
jﬁ(o). Because jﬂ(o) is nearly equal to jﬂ(pg) , Regge pole effects
may become important only at very high energies. Because jﬂ(o) as
well as the parameter sﬁ are presently not well known, a reliable
calculation of the damping is impossible,

For no photoproduction, the p, w, and ¢ trajectories contribute.

Presumably the ¢ is least important, but this is still uncertain because

extrapolations to t = 0 are unreliable. The data should be analyzed
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+
in & manner identical tc that of x photoproduction. We expect

do
at

230(0) -2 egw(o) -2 1
S ~ g ~ =
s
In the backward direction the situation is much more complex.
There are many trajectories, and in addition to the usual uncertainties
of linear extrapolations to s = 0 , there is also the question of
*

whether to include the N5~/2 trejectory. There is, however, one
interesting conclusion that we may draw. Since the same set of
trajectories are to used in x - N scattering, backward = - N

scattering and backward photoproduction are expected to have the same

energy dependence in the Regge pole approximation. If we forget about

*

the NS—/2 trajectory, whose existence is presently highly speculative,
*
and assume that the N_ + trajectory dominates with j . * (0) =0
37 /2 N, + ’
dg 1 3'/2
then *—:"-’-—2 .
ds S

We might test the hypothesis that q:(t) and ¢:(t) may

be factored into
+ o + + ) +
t = t t t = t T
by the simultaneous study of

Yy +N - 7 +N Tt +N -» a4+ N

* *
y +N - x4+ N3+/p T+ N - 7+ N3+/2 .
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The procedure is to experimentally extract the p contrivution from each
process; by assuming that all residues factor, we may cobtain a consis-
tency check (see Preface, pg. v). It is interesting to note that only
the p and = trajectories contribute to the reactions producing N§+/2 .
Furthermore, at high energies and not too small momentum trensfers,
the p dominates in all processes except « + N - = + N .

Finally, we will briefly indicate the effect of a cut in the

J plane. Its contribution to the T metrix will have the form of a

superposition of poles:

3o(t) .
J
T, o= f g(3,t) (2;) a3
3; (%)

where g(j,t) is expected to be a slowly varying function of j com-
J
pared to (Z—) . 8, is some convenient constant. To be specific, we
c

take jg(t) , jl(t) real with jg(t) > jl(t) . For large s,

Jg(t) J (%)Jz(t)
T~ el [ () asm ala(e),8) ———
5(8) ° log(=-)

if log(g—) >>1, If a consideration of cuts is important in the
C

photoproduction process, it is clear that any comparison between theory

and experiment becomes extremely difficult.
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Appendix

*
I. The T, Matrix and the Invariant Amplitudes

The T matrix describing the three processes represented in

Figure 1 may be written in the form
4
T, - 2 [A§+)(s,t,g)g<;) + A(;)(s,t,g)g(é) + A(§>(s,t,§)g(g>]m

i=1

e

vhere M, = i7g £ K

2175(P ceQ - K-P-KQ-* e)

=
[

2
Mo =75(£ Q- K-K@Q- ¢
My =2r (P - K-KP - c-iM{K)

with € denoting the photon polarization and PEE% (Pl + PE)' Note that
each Mi 1s gauge invariant. The M's contain the spin structure of the

problem while the isotopic spin information 1s contalned 1n Lhe g's,

vhere
g(g) =3 {7 Y = B
g(f;) -3 [ %)
g(g) -

This isotopic spin form is in part determined by requiring that T . ;
be in variant under rotations about the 3 axis in isotopic spin space.

The specific structure of the g's then follows by asking that the g's

The notation and most of the non-Regge pole results come from

CGLN and Ball, loc. cit.




be either Hermitian or anti-Hermitian. This latter requirement is only
a matter of convenience but will result in simple crossing relations for
the A's. The index B labels the outgoing pion, while the 1 matricies
operate on the isotopic spinors of the nucleons. We have 3 g's because
this is number of linearly independent matricies necessary to express an
arbitrary large product of Tz TB, and ? . ? matrices, Table 1

indicates what values are to replace the g's in any given physical

process.
Table 1
[@] (@] -+ -
y+p- +p YHrn 4n Y+pon 4 7+ 4p
+ 1 1 0 0
g 0 0 V2o -J2
© -1 N3~ NEE

The unknown dynamics of the prohlem are contained in the twelve scalar

(+),(-)(0)

functions A i(s,t,s) . Crossing symmetry tells us that

(+),(0) (+),(0) (-) (-)

A (s,‘c,—s—) = A (E,‘b,s) A (S)t)g) = -A (E,t,s)
1,2,4 1,2,4 1,2,4 1,2,4
(11)
(+),(0) (+),(0) (-) (-)
Ag (s,t,5) = -A, (s,t,s) A, (s,t,8) = A3 (s,t,s)
With a spinor normalization of wu = 1,
2 2
B _ M _gmf, & o 1 M gom®
a4, . 161° k & df (41r)2 k (M+k)g-wkcos6

1lsb
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IT. The Helicity Amplitudes.

The connection between Ai and the helicity amplitudes ¢ i, 525

is rather involved.

wvhere W =

We then have

‘rl =

- }
]

t -1

Al+(W-M)A4— ST
8n W :Fl
W-M (E2 N M)l/2 (El N M)l/E

If we define F, and F ; by

(AS-A

2)

t -1
-Al+(W+M)A4-~(———HW+M (AB-ALL)

grw (B ¥ M)l/2 CFQ

(W - M)A2+A3- Ay

’:FS

8nx W

W- M 1/2

(E2 + M) (El + M)l/zq

(W + M)A2 + A= A,

: 1/2
grw (Tp v M7 F
W- M VER

(El + M)

Vs .

@t sin 6 cos% (’:F3+’F4)

. .8
V2 sin g (F, +F)) -n-

+

(12)

(13)
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§~ = 1VF cos 2 (¥ -F) -4

For fixed t large s, we mey simplify to obtain

"o i‘l%_f- ﬁ[% Ay + Vs (As‘%)]

4

¢ 1ye [\[:T Al-—-w—-—-—M(t'l) A5+~ME A4:1 - g

For fixed s large s, the corresponding relationships have already been

given in equation 9.

In terms of the helicity amplitudes,

| G A

III. The t Channel: ¥ +x =N + N :

The invariant A amplitudes simultaneously describe the three
physical processes ¥y + N = w + N, ¥ +%x - N+ N, and
y +N = x +N (Figure 1). Resonances in any one of these
channels effect all three. We will now consider w, ﬁ, p and n exchange
in the t channel and their influence on forward high energy

photoproduction.
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t

1
It is convenient to introduce Pl and @ , the four momenta

of the antinucleon and pion. Then, we have P. = -Pl, Q = -Q.

1 1
In terms of Pl and @G we may write in the c.m. system

'2 2 1 1 1
sE-(K-Pl) = M™ - 28k - 2 pk cos 8
! 2
t oz -(q +0°% = (a)? (15)
— 1 1 1
s = -(P2 - K)2 = M - 2Ek + 2 pk cos 6

vhere p and k are the magnitudes of the nucleon and photon momenta,
- -

! .
E the lLotal energy of the nucleon, and cos 0 = Py k . In terms of t,
———
Pk
1 1t -
k= 1 p = 3 Vt- 4
2\t

If we write the differential cross section for ¥ +x — N + XN

in the c.m. system as

do ! 2
3 = (®/k) |x; Gyl vhere

Y g - 2 - - e =2 =2,2. !
G = (p2 . E/p)G:L + (ig - P, X e/p)G2 + (ig - PPy * K X /v k )G3 +

1
(ic - Kx ¢/k )G,

and Vi are nucleon and antinucleon Pauli spinors, then the G.l may

be decomposed into



[}
1

[®]
1

[
i

G =

2o (04 1/2) B3 P:T (x)

= “}2’ 5 {0‘3 [J?"Lm. (x) + (7 + l)P;-l (X')l

+ (27 +1) « J x)} (186)

%ZJ { uc; (_JP:]'_{L (x') + (7 + l)P‘;_‘l (x')]
- (27 + 1)a] P;r (x) - (27 + 1)8? P:T (xl)}

-...ZJ{ +[JPJ1(X)+(J+1)PJ1(X)]—(2J+1 (x)}

Isotopic spin indices have been suppressed. The amplitudes & and B,

which are functions of t, have the following physical significance:

+
J

. and B} lead to triplet nucleon-antinucleon final states of

parily (--l)J and lotal angular momentum J. Triplet final states of

parity (-].)J-’L'l are represented by «o., while B& leads to a singlet

final state of angular momentum J and parity (-1)

wvhere

J
J+l

For the NN system,

parity P = (-1)F

G-parity G = (-l)L+S+T

L,E,T arc the total orbital angular momentum, spin, and isotopic

spin of the WN. Hence, both the p and w contribute only to the triplet
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state, while the n must lead to a singlet system. Consecuently, the

p and w excite Q: and 5{, while the n contributes through B; . In

general, a particle of spin J on the p or w trajectory would enhance

o; and B;, while a particle on the n trajectory would contribute

only through B}.

In terms of Ai’

G = (x p/16x7) LA +ta]
G, = - (k'p/éﬁ)AS (17)
G, = (M- E)k /8xE LA + VE A;]

. (x /16%E) [2MA1 - t4,)

(o]
I

High energy photoproduction will be governed by Ai for large
s or equivalently, G, for large x (see equation 15). As the series
given in equation 16 do not converge for large values of x’, a
Scmmerfeld-Watson transformation will be performed. The summation over
J will be replaced by a contour integral in the complex angular momentium
plane. The contour will then be deformed to cbtain the required
asymptotic expansion for the scattering amplitude. In deforming the
contour, contributions to the G's from poles and cuts in the J plane
will be picked up. As a crude approximation we will consider the pole
terms corresponding to known physical particles. However, it 1s most

probably that a satisfactory explanation of high energy photoproduction

cannot be obtained in this fashion and that cuts in the J plane cannot
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be disregarded. Since there is presently no information about the
positions of, or the discontinuities across, the cuts, we will confine
oursclves to thc Regge pole approximation.

A, The ¢ Trajectory:

With the help of eguations 16 and 17,

(+)(=)(0)
(D) B .
2

(v - 1) Vo - af

s (+)(-)(0) .
-inj_(t) 3 (%)-1
Lo () RS a(e) ()T
18

2 “x v) 5 5m ﬂj{(t)

where we have taken the liberty of absorbing the —r kinematic

t - ar

factor into a(t) since we know on physical grounds that AE cannot

blow up at t = 4M2. There is still same guestion as to what should be

done with the

5 - As a guide we examine A2 in the pole approxi-
t - p
mation (Figure 6). The result is
A(#)(0) | _-eq ( IS ) - eg
2 t-pg s - M2 's‘.M2 (s-Mg)(Mg-l-uE-s-t)

_eg 28 +t - oM - pz

s -M° 5 oM ) £ -l (s - MM + 4% - s - 1)

where e and g are the rationalized and renormalized electric charge and
2 2
. : .ooe 1 g
pion-nucleon coupling constant: = =TT i 14. Note that
;—E——E , the kinematic pole (the p2 refers to the mass of the extermal =),
t -
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(-)

is only present in A2 A(+)(O) << Aé-) s

(+)(c)

» and that for large s,

that to the approximation in which we are working, a(t) = oO.
In Ag—) , for t = Mg the zero of jﬂ(t) in the numerator
Just cancels the pole - l. , leaving the kinematic L
sin ﬁJﬁ(t; t - p2

factor that is responsible for the cbserved retardation effect in
photoproduction.

Since the amplitudes Ai receive contributions, in the sense
of dispersion relations, only from real intermedinte ctates, the "pion
pole" must appear in our formalism as a kinematic singularity (the
coupling of 2 real xn's to a y must vanish). If we relax the condition
of gauge invariance, then real n intermediate states will become
possible, but new amplitudes Bi will have to be introduced to describe
the process. The Bi will contain no kinematic singularities and will
recelve ordinary pole contributions from real intermediate x's. If we
now impose gauge invariance on the Bi’ not all the Bi will be
independent and equations of the form (s - s) B, = 2(t - uz) Bgy + + -
might result. In then reclating the Ai to the Bi’ we would find the

appearance of a —~2@w§ pole that is not related to any real interme-
t-p

1
t - ug

diate state. The term may thus be looked upon as a kinematic

*
effect or a result of gauge invariance.

For details concerning gauge invariance and the Mandelstam

representation, see Ball, loc. cit.
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Also at t ® uz , the unknown function a('>(t) is determined

to be
- 2 -2
a7, ) = ——?—g—
7t

Using equation 14 we obtain the helicity amplitudes in terms

of Aé_) :
i Aé') J(t)-3/2 .-
no~ N5 ~ B » N = =1
5 (£)-1/2
gt~ V5 Aé‘)fvsa" s 8 =-F
t 2 25 (4)-1
and —g—g—-— —>!¢t‘ ~sJﬂ(}

which then directly verifies the claims made in our early discussion
of the pion trajectory (IT.0.).

B. The p Trajectory:

Here we find:

3 (£)-1
AR -1, (8) () () a0 oo
P
3o(8)-1 o 35(8)-1
1 = £ (0 b)) 87 = ,(0) o(8) ()
This may also be compared with the pole approximation:*
YN 4
A_io) _t :::y EZNN Aéo) =0
- mp
(18)
200) _ = Tomy” 20mm 200) _ - Zom10m0
2 % 2 4 2
- mp t - mp

¥ M. Gordin, D. Iurie' , and A. Martin; Nuovo Cimento 18, 933 (1960)
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vhere the exchange diagram has been written as

g g e -1

Py & ﬁyaﬁ“/@t_mi

(orty vertex) x propagator x (pNN vertex) = ¥

*
() - L .
30, Yim 7 * 7oam 3FoPar7s) T
The index | on the Tu labels the outgoing pion.
In the vicinity of t = mg » breaking jp up into its real and
imaginary parts
2
3 (b)) = 1 4+ (t- i I
Jp( ) ( mP) €, + 1

e
we get
2
b(m
()
T Ep = 7pn772pNN
c(m2)
£ = Y 7
ks ep prey’ 1pNN
I /e = T
o/ = 2F,
where near the pole we have used L instead of

2
t-m +inT
p PP

S in equation 18.

t -m

¥ The © comes from assuming an isotopic spin interaction of the form

i
A(p 1) (5N T N). Here we may say that the electromagnetic field
behaves as a scalar in isotopic spin space and that the total inter-
action is invariant under rotations in this space. The isoscalar
photons which this field A creates will then have definite properties
under G parity identical to those of the w and will contribute only
(0) . . - - -
to A;7/. Another interaction (o x 532 A= (p x 1)+A which treats 4

as an isovector and would contribute to Ai- » glves zero since under

il

G parity an isovector y behaves as a p, and the ppn vertex vanishes.



Using equations 14 we immediately arrive at the p contribution

to EE given in equation 4.

C. The w and P Trajectories

The w and @ are handled exactly as the p. Due to isotopic
cpin differences, however, they contribute to A(z) ingtead of A(g).

As a side comment not dealing with very large photon energies
we would like to note that besides the p, w, and @, non-resonating

(nr) intermediate states may be easily included. For example, in

the p channel instead of equation 18 it would be more accurate to

write
(0) -t Y ooNN ) 7 (nr) sy y
A o194 2 2(nr)NI
t -m Y
p prty

A0 _ L [Tz V(ar)wy
2 ory \ o 2 2(nr)NN
0 pry

where everything inside the braces is known from measurements of the

7
micleon form factors except mKEEIEZ . 7 represents some kind
, 7 sty (nr)sy

of an unknown effective coupling between non-resonating intermediate
states and the wy. Attempts to fit certain photoproduction data
using the isovector mucleon form factors have been carried out by
Hohler and Dietz.(s) Unfortunately, the expressions they use for

*
Aéo) are incorrect. If these non-resonant effects are observable,

(0) .

* In terms of our notation, their solutions for A1 5 &
(0) _ 72pmv (o) 2 : .
A1 pﬁy t o yd(nr)NN —;—:—;§- . Physieally this
makes no sense becauge the coupling ¥ is missing. Formally it must
be in error because it does not sat1s£nré- = + tA = 0. Their nmistake

comes in usi an approximate unitarity relatlon in a region where it
no longer applies.
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they should show up at large t (for example, backward scattering with
incident y energies of 1 to 1.5 BeV).

IV. The s Channel: 7 + N =5 + .

We wish to find the effects of particles (or resonances)
exchanged in the s channel on high energy scattering in the s channel.
First, we will put the particles in the s channel. Then, by making
uce of the crosgsing relations given in equations 11 and switching
s ¢ s we will end up with amplitudes representing particle exchange
in the s channel.

A, The N Trajectory:

The functionsth defined in equations 12 admit the following

angular momentum decomposition.

!
it

Z&Mu B ] P/’z+1(x) + [, +E, ] P;-l(x>
£=0

t, = Z [+ 02y, + 2, T2y

"

:FS - Z [Ez+ B Mz+] Ppar(®) + [Eﬂ- i Mﬂ-]Pﬂ-l(X)
=1

F'F4 = Z [Mz-x- "B oMy - Eﬂ-]Pﬁ(x)

=1
Mg+ and EE+ are energy dependent amplitudes describing transitions
initiabed.éy‘magnetic and electric multipole radiation leading to
final states of orbital angular momentum £ and total angular momentum
L+ 1/2.
Consulting Table 2 we see that the mucleon contributes to
Mi_ and that other particles on its trajectory would excite ES-’

MS_; ES-’ MS_; ese The amplitudes Ez+ and M£+ may not be neglected,



5/2

7/2

7/2
7/2
9/2

7/2V

9/2

g/2

11/2

11/2
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Amplitude
effected



however, because of the syumetry

+ +

nE() = 0T, FEW) = - gE() (8)
which, in terms of the multipole states, takes the rather complex

form:

i

1200 = 7 (5 2) 30 (0 5 30y (0]

75 | M(or) - (W) 2By ‘W)]

If we use equations 20 to eliminate Mﬁ+ and Eg+

(20)

E£+(W)
from equations 19

we obtain
BN
Fo(wW)

]

T (-W)
Z,eMz_(w) P;(X) + Z[(/z +1) M, (W) + EE_(-W_)? P;_l(x)

(21)

F.(0) =F, (W)
¥, (0

]

D e 3, @] 260+ ) [y (1) ¢ B, (-1)| ®, ,(x)

The relations
*

o , .
— - T = -
mey also be directly verified with the help of equations 12 along with

¥, (W)

i

(- W)

FS(W) F4(W)

When we eventually switch s and s, x will become x, the scattering

angle in the s channel, and Pﬂ(x) above will be replaced by Pz(i).

¥ These equations also follow directly from the symmetry

nE(W) = nI(-w), gEW) = -gE(-w)

and equations 13,
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High energy backward scatbering in the s channel will mean large X

o

so thet P, (%) ~ # ~ &L, Consequently, it will be legitimate at this

point to forget about terms multiplying P in A-Fl and ’-FE’ and. those

£-1
multiplying Pﬁ-l in ‘-FS and ':{:4.
Using equations 12 we may solve for Fi in terms of :Fi, and

A in terms of F.. We obtain

i
%=%{WF1+WF2-M(t-u2){E?-%
A2='2"IW{F3‘FA
Aszelﬁ{Fl"'Fe"(i%él[%'%} (22)
A4=%{F1+F2'£c_§‘ﬁ %‘%

F
Ayt by =55 (s 'ME)[WQ‘;&
o +
where W =W + M. If we now apply the crossing relations given in
equa'tlons 11, go to the limit of large X 'by performlng a Sommerfeld-
Watson ’cransfomatlon and, plch up only the nucleon tragectory as

a s:mgularl’cy in the a.ngular momentum plane s, wWe arrive at equat:r.ons 10.

In the pole approximation, suppressing isospin indices,

eg 1 eg 1 1 1
-4 == =4 2 = + —— | =
g R Ve 'E{E-M -E-MEEM
+ eg 1
A - .=
2 S g_Mg
1
Ay - Ry ——5
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1
s - M

& - 4 2

where the upper (lower) sign is to be taken for A's even (odd) under

crossing.

IS I ST

Réo) = Rio) = - % g (ué +u)

: . £ - - £
with pp = 1,78 Si and Hy = 1.91 =T

Comparing this with equations 10 we find

bé*)(‘)(o)(M) béf)(‘)(o)(—M)

= - &8
T e, - T e - e
OO OO IO
Te, B T e B oM 8M2
where
%EJN@-lﬂm(ﬁ-Mk+wa§%M
a_ = j(-{6) -1/2=(-Js - M)e_ for {s = -M

—:Similar formilae may be written down at. - s 21690 MeV, the

*¥

mass of the Nl/ + which is the next resonance on the nucleon trajectory.

2

* *
B., The N3/2+ and Nl/E- Trajectory:

*
1/2"

coubribules Lhrough E2~, M2_5 E4_’ M4_5 ees This means that Lthe

Consulting Table 2, we find that the XN trajectory

results obtained for the nucleon case may be used directly with only
a change of signature.
*
. . . E .
Again from Table 2, the NS/E# trajectory excites 142 Ml+’

E, , M

2 We now must eliminate the Eg- and Mﬁ— amplitudes from

5+; oo
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equations 19 using equations 20. The result is

fFl(w) Z [zM“(w) + Eﬂ+(w)] P;+l ...
Fom = T

”-Fs(w) X[E“(w) - M“(w)] P;;_l_l F e e e
F,00 = F-w

Comparing this with equations 21 we see that whereas in the N case

Il

It

the argument -W appeared 1nfq:l 32 now 1t appears 1nTJ2 4 From
2 2

this the results of III.B. immediately follow.
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I. DETERMINATION OF A THEORY FOR LEPTONIC K DECAY

One of the outstanding problems in the theory of weak inter-
actions consists of finding a unifying principle for the strangeness
changing and non~strangeness changing decays. Attempts to use a
universal Fermi interaction or to generalize the idea of a conserved
non-strangeness changing vector current have not been fruitful in
the sense that an understanding of the experimental data has not
been obtained. (l) Furthermore, the ideas developed in attempting
to explain the striking success of the Goldberger-Treiman formula
in -y deeay(z) have not been carried over succcsosfully into the
theory of K decays.<5) Many of the present difficulties may well
stem from our inability to give operstional definitions to such
concepts as a "partially-conserved current" and "universal inter-
action"., In an abtempt to sharpen our understanding of these terums,
we have considered the leptonic decays of the K+.

The gssumption is made that the K+ —+z+ + v + ° interaction

is of the vector form, in vhich case we may write for the decay

erplitude: L
+ + o m) % * v
<L vl K >=1 L By, Ly A< a®s VK> (1)
2 Ev Eg o 5 o
where sg is the strangeness changing vector current, and G is the

wesk interaction constant equal to 1.4 x 10™49 ergs x cms. By

Torentz invariance arguments, the matrix element < #© | sg(o)\ x>

may be thrown into the form

E<eisio) € > =L a5z [mem )y 2,6) + (en ), £.()] (@
7 7’0 T+ ' -

where s = - (pK-p Tr)2. The four-momentas of the K and n are pKand pﬁ.



-52-

Using causality arguments, one can show that f +(s) and
(mé - mi) f+(s) + sf_(s) satisfy subtracted dispersion relations.
It is not difficult to show that f+ receives contributions
(in the sense of dispersion theory) only from P-wave intermedizte
states, Also, since the matrix element < =° | Basa(o)l k"> or
the divergence of sg is proportional to (mli - mﬁ) f+(s) + sf_(s),
it is precisely this conbination of form factors that receives con-
tributions from S-wave intermediate states. We now explicitly take
into account the K (Kt spin 1™ resonance at 884 MeV), the only

¥
known particle or resonance that will contribute to our form factorse.

Hence, we write

£, =7{2g @) (3)
B
< x| % sg(O) Lkt > < e f+(s) + sf (s) =7 G a(s) (4)
where Lmng = mé - mi, M is the mass of the K*, and y is a coupling

* .
conctant that measures the strength of the K Kx intersction.

Because we do not know of any zero mass particle that would give

rise to poles in our form factors, we find

) -7 {20 + 5 Lo v - o) (5)

s
M™ 1--—
M2

2 2 2
ad £ (s) = -7 ME{ S+ (v(e) - v(0) - - (als) - d@))}.
M 1 - -
M
()

We now megke the assumption that the current sg is "partially

conserved", by which we mean that d(s) is slowly varying and ]d(s)!<< 1,

* Later in this paper we discuss the effects of obther possible Kx
IEeSONANnces .,
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in the physical region for s. This will justify neglecting the

2
term - %; (a(s) - 4(0)) in the expression for f (s). Hote that
this definition for the partial conservation of sg differs from

the ones usually adopted. Previously, the partial conservation of

v v
o o

symmetry where baryon mass difference and meson mass difference

has been taken to mean Ba s O in the 1limit of some higher

vanish.(é) Alternative definitions have stipulated that
< 79| Ba sgl K'> 50as s —963.(5) Since neither one of these
latter two conditions is directly measurable in any decay experiment,
we have chosen to redefine the concept of a partially conserved
current.

In order to obtain an expression for f+ and f_ that may be

easily compared with experiment, we will mske the rather crude

approximation that v(s) - v(0) is proportional to s. We may then

write
2,() =M% —— +a} (7)
+ 2 s
M 1 - =
M
Amg 1
and £ (s)=-2A — , (8)
- s
M 1 - ==
M
*
vhere © = dgogv(sy <1 and A=7 (1+ e g%égl)l .
1+ M —— s =0
ds
s =0

We now have a two parameter theory. A may be determined from the
known X! decay rate, while & should follow from the cbserved K:3/K:3

branching ratio.

After the completion of this work, the author learned of a paper that
cbtained essentially this same theory from a slightly different point of

view. See N. Brene, L. Egardt, B. Qvist, and D. A. Geffen, Nuclear
Fhysics 20, 299 (1962). However, at the time their peper wae written,

the data of Brown et. al. and Dobbs et. al. was not availeble.
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IT. PREDICTIONS ANND FEXPERIMENTAT CONFIRMATIONS OF THE THEORY

In Figure 1 we have plotted the branching ratio KﬁB/KéS

vs. O. The curve is flat except for a very sharp rise near & = 0.

The structure of this spike 1s a result of the combined hypotheses of

a partially conserved current and "dominating" K pole. In the region
of & near the peak, not only the branching ratio, but also the spectra
of all the particles, along with the longitudinal polarization of

the p, are extremely sensitive functions of 8, The size of ® should

be compared with the pole term which has strength 1. A strictly
conserved current would mean & = 0, a theoretically impossible situation
(6 = 0 also gives an incorrect branching ratio). Regardless of the
value of 6, we may say in general that KZS/KZS = 0.95. The measured

branching ratio is 0.96 + 0.15. This gives 8 = - O.Osfg.gés.

1l

Figure 2 shows some typical f+'s. Note that this form factor goes.
through zero in the physical region. Using the known rate for KZS
decay, we may find %2 as o function of . The repult is given in
Figure 3 . Figure 4 shows the rate for KeS as a function of 8,>%
being held fixed.

Tf the theory is correct, it should be possible to fit bhoth
the #° and u+ energy spectra in KIS decay by picking some value of

9 in the range -0.025 £ & = -0.1. Let us therefore look at Figures S

and 6 where the data from the experiment of Brown et g;.(B) is
displayed.
£
We see that the constant form factors (fl = & = -9) used by

+
Dobbs et al. and Boyarski et gl.(7) in their experiments cannot

possibly fit either the observed =° or u+ energy distributions as



reasured by Brown et al. The curve corresponding to O = -0.065
gives reasonable agreement with experiment. Note thet Brown et al.
use two parameters in their fit while we use one. We find that ©
comes out small compared to one, as our theory predicts.

Using the © obtained from the experiment of Brown et al.,
we may compute what we would expect Dobbs et al. and Boyarski et al.
to find in their experiments. The result is given in Figure 7 .
Clearly, the form factors determined by Brown et al. do not fit the
data of Dobbs et al. and Boyarski et al., while & = -0.065 gives a
result consistent with experiment.

Because Dobbs et al. and Boyarski et al. measure only the
upper part of the y spectrum, while Brown et al. measure the 7°
energy spectrum and the bottom part of the i spectrum, it is possible
that the data of these three groups are not in contradiction. A
contradiction will arise only if we assume that the form factors
are essentially constant. Figures 8 and 9 give theoretical curves
(without experimental biases) for the u+ and =° energy spectra.

Using the model with a fixed value for 8, the p longitudinal
polarization spectrum may be computed. Figure 10 gives some typical
polarization curves. For large u kinetic energies (Tu > 110 MEV),
the polarization comes out negative for all reasonsble 8 (all values
of & compatible with the KHS/Keé branching ratio). For intermediate
values of Tu (35 MeV < TU < 75 MeV), the polarization is positive
for all reasonable . For Tu < 75 MeV, the polarization can be either
positive or negative., An experiment measuring the polarization of

high-energy p's has been proposed and carried out. The data are now

being analyzed.
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We would like to emphasize that certain very sensitive quantities,
like the polarization of the p in K:3 decay or the x° energy spectrum
in KZS decay, will not be very well determined within the framework
of our approximations. Quadratic terms in s should also be included
if we expect good agreement with experiment.

If we introduce a particle X to mediate the weak interactions,

then we may summarize its effect by a change of form factors.

2 f
f =-f = + f_)__l..___f
- - 2 s + s + »
M 1l - — 1 -
X M 2 2
p My

where Mk is the mass of the X. Because we lack detailed knowledgé
of v(s) and d(s), the leptonic decays of the K meson seem to be a
poor place for isolatking the effects of the X. Figure 11 gives same
indication of the size of X effects.

The concept of a universal Fermi interaction has never been
very well defined. For example, to test for universality in K;S
decay, it has been customary to consider G f+(0).= 8, as an effective
coupling constant. Since it turns out that Si << G2, a universai
form for the interaction is not apparent. However, if f+(s) is répidly
varying with s, then this test for univefsality may not be fair. |
Perhaps we should evaluate G f+(s) at a different value of s when
forming Sv and making our comparison with G. The slowness of the
leptonic decay of the K& might then be explained on the basis of a
partially-conserved current. The rate is slow because the matrix
element is of the order of < ﬂol Baggl K& > which is a small quantity

because gg is partially conserved.



In concluding this section on KT decay, we would like to
re~emphasize that a partially conserved current implies a profound
deviation from what would be expected on the basis of phase-space
arguments or almost constant form factors. If both the experiments
of Brown et al. and Dobbs et al. prove to be correct, the hypothesis
of almost constant form factors will no longer be tenable, while the
assumption of a partially conserved current may finally attain some
degree of experimental confirmation.

As a further application of our hypothesis of a "dominating"
K# and a partially-conserved current, we have computed the form
factors for neutral K leptonic decay and have compared our results

- (8)

+ v + % with the experiment of Luers et al.

for X3 - et

If we denote the corresponding form factors for Kg leptonic

decay‘by‘h+(s) and h (s), we end up with the familiar form

B 1
h”"(S)_?\E{l-_S_ —l+62} , (9)
e
e
h(s):'ke"_’é ~ . (10)
- S
M1 -
M

If there was only an I = % current, then the spectra in K+ and Kg

leptonic decay would be identical. In KZS decay we found that the

7° energy spectrum had a zero when the kinetic energy of the 7

was sbout 85 MeV (see Figure 11). Since such a zero is not observed
by Luers et al. in ngg decay, we rust have both I = 3/2 and I = 1/2

currente. The present data do not allow a ueeful determination of

Re and 52.



It is intcrcsting to notc that if there exictc a cpin 1 Kr
*

resonance other than the Kf, then irrespective of the isotopic
spin of this new particle, the form factors f+(s), f_(s), h+(s),
h_(s) will still have the samc cffcetive reprecentations (7) 3
(8) , (9) , (10) if we neglect quadratic terms in s. Only the
physical interpretation of A, B, Re, and 52 will change. Hence,
within thc approximotions made, our theory is not sensitive to the
possible existence of other spin 1 Kx resonances.

Let us now briefly turn to the leptonic decay of the A,

There, the strong interaction matrix elements of interest are
1

m mA’E ) 1
_L) U Ei 7y Fl(s) + 1 5[7'“, ',vvsvj F2(S)

v
<pis (0)1A>=(
m EPEA

+ 8, FS(S;X u,

<plsM0)| > = A g iy, 7 G(s)+i£[7 7,8, ] 7= Gs(8)
i EE D L5 71 2w Ty v] 572

+ 75 5, Gs(s{X'QA ,

where s = - and s = ~ 5 5 .
K (ey pp)u Hou
We consider the structure of SZ. Proceeding as belore, we

find that Fl receives only p-wave contributions and that

<plaa sg(o)lA>"cAmFl(s) +sF5(s)=wAmD(s)

receives only s-wave contributions., ZAm = my = mp. Because we do not

know of any zero mass particle that would give rise to poles in our

¥ There is some experimental evidence for the existence of such a reso-
nance with a mass of 730 MeV. ©See G. Alexander, G. R. Kalbfleisch,
D. H. Miller, and G. A. Smith, Phys. Rev. Letters 8, 447 (1962).
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form factors, we find

m(e) = of{o0) + & 22— 1) -v@}
M 1 - -5

M

N

2 2
R e SUC R ONEE S COREOMN

E%Jm

where V(s) represents all p-wave contributions to Fl(s) other than
those of the K*. M is the mass of the K*, and as in the case of K
leptonic decay, we assume thatl D(s)ﬂ << 1 in the physical region
for s.

The point we wish to stress is that while FS(S) may be treated
as being essentially constant, Fl(s) might be a rapidly varying function
of s and may even pass through zero in the physical region. Up to
this time, it has been customary to take all form factors consﬁant(g)
and, because of the small momentum transfers involved, (mA - mp)e
£g = mﬂg, the terms containing Fg(s) and Fg(s) have been neglected
compared to the term containing Fl(s). It is quite possible that
this procedure is not justified.

Once again the concept of a universal Fermi interaction is
ill defined because of the rapid variation of Fl(s). As in leptonic
K decay, an explanation for the slowness of the vector part of AR-decay
may be connected with the partial conservation of sg. Becaucse of the
lack of experimental evidence and the wealth of unknown constants in

the form factors, we are not able to say more about the problem at

this time.
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FIGURE CAPTIONE FOR K LEPTONIC DECAY

The branching ratio KZB/KZ3 is plotted as a function of the
parameter ©. The experimental value for the branching ratio
of 0.96 + 0.15 is represented by the horizontal solid and
dashed lines. This indicates that the range of 0 is limited
to -0.1 =% £ -0.025., The sharp rise is due to the zero in
the form factor f+(s) which suppresses the K:B rate more
than the K:3 rate because K:S depends only on f+(s), while
KZS depends on both f+(s) and £ (s).

The Corm Cacbor I;(s) is given for three values of the para-
meter O within the range determined by the branching ratio
K:B/KZB. The coupling constant A has been divided out of
f+(s).

The effective coupling constant squared, Kz, is plotted as

a function of 8. The experimental rate of 4.0 x lO6 sec_l

for K: decay has been used. The dashed vertical lines

3
indicate the restriction placed on & by the known KZS/KZS
branching ratio.

The K leptonic decay rates are given as a function of
with A set equal to 1.

The histogram gives the n energy spectrum in the KZS decay
as measured by Brown et el. The kinctic cnergy of the =
is Tﬁ. The smooth theoretical curves have been corrected
for experimental biases. Brown et al. use a two-parameter

fit, while the theory proposed in this paper uses the one-

parameter 8. The curve labeled £ = -9 is the constant
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Lorm Tactor theory implied by the experiments of Dobbs et al.
and Boyarski et al.

The histogram gives the u+ energy spectrum in the K:S decay
as wmeasured by Brown el al. The kinetic energy of the p

is T . The smooth theoretical curves have been corrected

for experimental biases. Brown et al. use a two-parameter
fit, while the theory proposed in this paper uses the one-
parameter O.

The experimental u+ energy spectrum, as measured by Dobbs

et al., is represented by the histogram. The histogram

has been corrected for experimental bigses.

The n energy spectrum predicted by various thecories is given.
Note the sensitivity of the spectrum to values of &. The

dip in the spectrum for the curve & = - 0.085 is due to

the zero of f+(s) in the physical region of s.

The u+ energy spectrum predicted by wvarious theories dig given.
The longitudinal polarization of the u in KZS decay is plotted
as a function of u kinetic energy. Although the polarization
fluetuates wildly with small changes in 8, large | energies
always yield negative polarizations.

The size of effects due to a vector boson X mediating the
weak interactions is given for the electron energy spectrum
in the K:B decay. Although strong interactions could give
rise to similar variations in the electron spectrum, the

zero in the spectrum 1s a definite peculiarity of our theory

arising from the zero of f+(s) in the physical region of s.



A direct measurement of this spectrum would be a crucial

test for the hypothesis of a partially conserved current.
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